This paper reports on ductile to brittle transition of hard brittle materials in nano plastic forming process. Formability of some hard brittle materials, i.e., glasses, silicon and quartz wafers, were examined through a specially designed and developed nano forming tester. A wedge type tool of single crystal diamond was indented to the specimen so that two dimensional plastic deformation was realized. Crack ratio was measured by an optical microscope. Depth of indented grooves were analyzed by FIB machining and SEM observation technique. Based on experimental data, load/depth relationship and the critical depths of hard/brittle materials, at which ductile to brittle transition in deformation occurs, were assessed. The mechanism of ductile-brittle transition is also elucidated by a theoretical model developed based on fracture mechanics. The theory explains that the critical depth depends on the fracture toughness and yield stress of the material, which agrees with experimental results. Effects of microscopical structures of material such as size distribution of micro cracks and anisotropy are discussed.
Introduction
Hard brittle materials such as glass, silicon and quartz are widely used in electronic and optical industries due to their unique electronic, chemical, and physical characteristics. In order to utilize these materials in nano technology applications, ultra fine structures should be fabricated on the surface of these materials, which constitute many mechanisms such as electronic circuits, optical devices and chemical reactors.
Nano/micro structures of hard brittle materials can be fabricated by the stringent process like photo lithography process. Photo lithography process is advantageous for mass production which requires huge and expensive facilities. However lithography process generates a good amount of hazardous waste fluids (chemicals). Also, it is not always available for flexible production which will be required for the development of the new nano technology, MEMS, micro TAS etc (1) . Based on such an industrial environment, there is a continuous requirement for a flexible, high throughput and less emission method for the production of structured surfaces in high technological applications. Many research studies on nano/micro fabrication technologies were reported in recent past (2) - (8) which confirms the vital need for a suitable newer method.
Authors attempt to develop a new direct imprinting method for the production of nano/micro structures on the surface of hard brittle materials at nanometer level, which were named as nano forming method (9) . They illustrated the capability of nano fabrication of glasses, silicon and quartz by the nano forming method, and showed that even hard/brittle material can be formed plastically, when the depth of deformation zone is smaller than the critical depth. However, the mechanisms of ductile/brittle transition by nano forming were not clear in those studies. Some researchers reported experimental studies and theoretical discussion on the ductile/brittle transition (10) - (12) . Authors also have studied ductile/brittle transition by carrying out machining tests of hard brittle materials under externally applied hydrostatic pressure (13) , and it has been proved that machining under hydrostatic pressure is efficient to suppress the machining defects, which in turn resulted in enhanced critical depth. They modeled the mechanism of ductile/brittle transition based on the fracture mechanics to explain machining fracture in micro machining, and discussed the effects of machining conditions and material properties on the critical depth. The aim of this paper is to develop a comprehensive understanding on plastic deformation property and ductile/brittle transition of hard/brittle materials in the nano meter level of deformation. Many researchers studied nano ductile deformation by indentation tests using blunt indenter such as a Vickers indenter, Berkovich indenter or a spherical indenter. Such indenters however arise three dimensional deformation in a tested material, and results in complicated stress and strain distributions. Thus, the effects of stress and strain on ductile/brittle transition are not clear. In this paper, a wedge type tool is preferred since it induces two dimensional plastic deformation. Also, plastic deformation by a wedge tool indentation is apparent by the plasticity theory. Characteristics of the critical depth of glasses and crystalline materials are studied in this paper. Also, the developed model of the ductile/brittle transition is applied to the nano plastic forming of hard brittle materials, and effects of microscopical structures on the critical depth are discussed. Figure 1 shows a nano forming tester developed for this study. It has a computer controlled X-Y stage and a piezo actuator to impart the necessary load for the experiment. Feed resolution of the stages is 10nm, and stroke is 20mm. The tester equips a load cell on the piezo actuator to measure and to control the imprinting load by the computer. By using this load cell system, the load can be controlled between 0 to 5N with the resolution of 0.1N. A CCD camera monitors the top of the tool through a lens. The tester is placed on a vibration isolation system. All of the equipments are placed inside a clean booth to prevent contamination by dust. Figure 2 shows an imprinting tool used for the experiment. The tool is made of a single crystal diamond. The width of the tool is 0.6mm, and has straight edge of 60 degrees. The tool is ground to have very sharp edge; the roundness of the tool edge is less than 50 nm which can be observed from the SEM micrograph presented in fig. 2 (b).
Experiment

Experimental equipment
Work materials
Soda glass, Na-Mg glass, firelite glass, quartz glass, single crystal quartz and single crystal silicon were used as work materials for the experiment. All of the specimens are typical hard brittle materials due to their covalent-bonded structure. Nano indentation test was conducted to measure the hardness and Young modulus of these materials, where Berkovich type indenter was used, and the indentation depth was 400nm. Yield stress was estimated from the nano indentation data by the Jayaraman's method (22) . Also, Vickers test was conducted at various indentation loads on these materials, and yield stresses were estimated by Marsh's method (23) (24) . Vickers test was also used to calculate the fracture toughness K IC of the materials by the IF method, which estimates K IC from the length of cracks propagated from the corners of a Vicker's mark. K IC is calculated by the following equations (25) ,
where a is length of diagonal of a Vicker's mark, c is distance between the tips of the opposing cracks , E is Young modulus, P is Vicker's indentation load. Figure 3 (a) shows yield stresses of the work materials at various indentation depth. The data at d=400nm are calculated from the nano indentation test, whereas the other data are estimated from the Vickers test. (b) shows the fracture toughness calculated by the IF method. These figures show that yield stress and K IC depend on the indentation depth, and some data involve large dispersion. Thus, linear approximation was adapted to the data, which are shown by the lines in the figures. Based on the linear approximation, yield stress and the fracture toughness at d=500nm are estimated. The linear approximation has been carried out to extract reliable data from both the tests. Table 1 The work materials have the following specifications. Soda glass is made as a slide glass for the substrate of DNA micro array. The size of the slide glass is 76x26x1mm. It contains mainly SiO 2 and some other oxide elements and has amorphous structure. Na-Mg glass is a newly developed glass. Firelite glass is a specially arranged glass for fire resistant use. It has almost the same chemical components as that of soda glass. It however has higher mechanical strength than soda glass. Quartz glass consists of pure SiO 2 and has amorphous structure. It has very high Vickers hardness and fracture toughness. Single crystal quartz has the same chemical composition as quartz glass but only crystal structure is different; single crystal quartz has the trigonal structure. It is cut in the manner of AT-cut, where specimen is cut in the direction of 35 degree tilted from Z axis of quartz crystal.
Single crystal quartz is made as a wafer of having a thickness of 0.5mm and diameter of 40 mm. Single crystal silicon is made as a wafer for an IC substrate with 0.5mm in thickness and 100mm in diameter. The upper surface of the wafer corresponds to the (100) plane of the silicon crystal. All of these specimens were polished to a mirror-like finish by their makers, whose surface was polished to have surface roughness R a < 3nm. They were cut by a fine-grind cutter to mount them on the stage of the nano forming tester. They were cleaned with acetone by ultra-sonic cleaning and then the specimens were completely dried in order to utilize these materials for the imprinting tests. 
Experimental method
The nanoforming tester was utilized to conduct indentation test on the hard brittle materials. Many parallel grooves were made by moving the stage. Distance between grooves was 5µm and the forming load was varied from 0.4 to 5.0N, with the step increase of 0.2N load. In order to carry out indentation test on silicon wafer, the tool edge was set parallel to <100> direction of the silicon wafer. Indentation speed was set very slow, i.e. one stroke of indentation process took around 5 seconds, where quasi static deformation was realized. All experiments were conducted in the air atmosphere under room temperature condition. After the forming test, glass specimens were coated with a very thin gold layer using an ion coater to maintain sufficient light reflection and electronic conductivity. Then, the shapes of imprinted grooves were measured by Laser Microscopy and SEM. Also cross sections of fabricated grooves were machined by an FIB (Focused Ion Beam), and then their cross section was observed by SEM.
Experimental results
Feature of indented grooves
Figures 4 show SEM micrographs of examples of indented grooves; (a) soda glass and (b) silicon. In the left micrograph in (a), the bottom groove was formed at 0.4N, and the forming load was increased by 0.2N for every two grooves so that the load at the top groove was 4N. The right micrograph in (a) is that of higher magnification where no cracks are observed. These figures reveal that there are few cracks on soda glass, and clear grooves are fabricated. On the other hand, (b) shows the generated cracks on the silicon wafer. The right micrograph however confirms that it can be formed plastically. Damage free grooves can be fabricated by this nano forming process by optimizing the forming load. Figure 5 (a) shows an SEM micrograph of the occasional cracks observed on soda glass when forming with higher load. It is observed that many lateral cracks were generated along the grooves. (b) shows the cross section of two neighboring cracked grooves. In order to observe the cross section, these grooves were machined by FIB in perpendicular direction to the grooves, and observed by SEM from 45 degrees upper direction. It is seen from the figure that lateral cracks were propagated along the grooves, and chips were dislodged from the substrate. Lawn & Evans (18) reported that median cracks were observed in scratching of hard-brittle materials; however no such median cracks are observed in this nano forming process. (c) presents the cross section of a ductile formed groove where no such cracks are observed.
(a) Soda glass (b) Silicon Figure 4 SEM micrographs of grooves in hard brittle materials.
(a) Grooves (b) Cross section (c) Non cracked groove Figure 5 Cross section of grooves on a soda glass.
Load/depth analysis
The depths of nano formed grooves were measured by a FIB as the same method explained above. Figure 6 shows variation of groove depth d against the forming load P. The open symbols represent that few chippings less than 20% in length were generated along a groove (ductile mode), besides the solid symbols represent that chippings more than 20% were generated (brittle mode). The 20% criterion is used because of convenience for observation. Chipping occurs occasionally along a groove, and it is difficult to determine a particular groove where ductile-brittle transition occurs if the 0% criterion is applied. Also, it is difficult to distinguish tiny cracks from small pileups. In this paper, the depth that total length of chipping reaches 20% is called the critical depth d c . Their qualitative trends are expected to be similar to those of 0% criterion. Figure 6 shows that the depths of the groove increase almost linearly with the load, and the deformation manner is observed to be changed from ductile to brittle when the depth reached the critical depth. In case of Na-Mg glass, although the length of the cracks did not reach 20% in the present experimental condition, the critical depth at 20% criterion was assessed as 1000nm. The critical depths of all tested materials are presented in the fig.6 . Figure 6 Load-depth analyses of tested materials. The load/depth ratio is average gradient of the curves calculated using data of fig.6 . Figure 7 shows the relationship between those load/depth ratios and the yield stress σ 0 of the tested materials. Solid symbols are data of glassy materials, and open symbols are data of crystalline materials. Experimental data almost lie on a line. According to the slip line field theory, plastic deformation by indentation of a wedge tool is modeled as shown in fig.8 , where θ is half of the tool angle, and ϕ is an angle determined by the following equation (19) .
Since θ of the knife edge tool is 30 degrees, ϕ=17.4 degrees is obtained from eq.(3). Based on this model, the indentation load is calculated by the following equation,
where k is the yield shear stress, b is the width of the tool and d is the indentation depth.
Since k is almost equal to half of yield stress σ 0 , this equation yields
where d P is load/depth ratio. By substituting experimental condition data (θ=30 degrees, ϕ =17.4 degrees, b=0.6x10 that experimental data of glass materials almost agree with the theoretical line. This indicates that plastic deformation of glass materials are explained by the macroscopic plasticity theory even in a nano forming process. Data of quartz however are found far from the solid line, and quartz does not agree with the eq.(5). One of the reason for this disagreement is effect of tool edge radius. The other reason is effect of crystalline structure of the quartz. It is known that plastic deformation of a single crystal is governed by the slip systems of a crystal lattice and characteristics of plastic deformation depends on crystal orientation (20) - (23) . Both quartz and silicon shows apparent effects of crystal structure on the load/depth ratio.
Critical depth
Marshall and Lawn (16) 
where A' is a coefficient that depends on tool geometry. On the other hand, Puttick (24) proposed a criterion of the critical depth expressed by
where g IC is the energy required for crack propagation, E is the young modulus and α is a coefficient (25) (26) . According to the fracture mechanics, g IC is related to K IC by 
Discussion
Analytical model of the ductile/brittle transition
When a knife edge tool is indented into a hard brittle material, a stress field arises in the vicinity of the tool. It can be assumed that many micro cracks (i.e. origins of cracks) exist in a hard brittle material, and the stress concentration occurs at the tip of those micro cracks. When the stress is large enough, some micro cracks start to propagate, and result in chippings of the material. The condition that a micro crack starts propagation is expressed by the following equation according to the fracture mechanics.
where K IC is the fracture toughness of the material. K I is the stress intensity factor which is calculated by the following equation,
where σ Ι is tensile stress acting on a micro crack, and a is the size of a micro crack. The critical stress σ c over which a micro crack starts propagation is calculated from eq. (11) as follows,
Then, assume that size distribution of the micro cracks in a material is expressed by
where C 1 denotes total number of micro cracks, and C 2 denotes steepness of the size distribution. This function is illustrated in fig.10 . The number of micro cracks that can grow into chippings under a given stress condition is illustrated by the shaded area in fig.11 , which is expressed by Figure 10 Micro crack distribution in a Figure 11 Stress distributions in the vicinity of hard brittle material.
indent.
By assuming that the maximum principal stress σ I is proportional to the yield stress σ 0 , i.e. Stress distribution in material is modeled by fig. 11(a) . Volume of high stress region is small whereas that of low stress region is large, since large stress arises only in the vicinity of the tool. Thus, the relationship between stressed volume and magnitude of the acting stress is expressed as fig. 11(b) , where the volume decreases with the increase of stress. The stressed volume is magnified with the indentation depth as shown in the fig. 11(b) . The size of stressed region is proportional to the indentation depth d, and hence the volume of the stressed region depends on d 2 as shown in fig.9 . However, the maximum stress does not depend on the indentation depth but on the yield stress of material. The volume of the stressed region consequently is expressed by the following equation,
where m is a parameter that depends on material and stress distribution in the material. C 3 is a coefficient that represents relationship between size of stressed region and the indentation depth. σ max is the maximum stress induced in the material. Because σ max is proportional to the yield stress σ 0 of the material, it can be expressed as
Using eqs. (14), (15) and (16), the number of micro cracks N that are potential to grow into chippings is calculated as 
Solution by numerical calculation
Numerical integration method is applied to eq.(18), because the integral in eq. (18) can not be calculated by analytical method. Table 2 lists conditions of numerical integration. Table 2 where ξ is the gradient of the graph, which is almost 5x10 -5 in the figure. By combining eqs. (19) and (20), the number of cracks N is expressed by the following equation.
( )
where Γ(m) is a coefficient that depends on m. 
Effects of microscopical structures on the critical depth
Figures 9 indicate that gradient B of crystalline materials is smaller than that of glass materials. This implies that C 1 C 3 and C 4 are larger and C 2 is smaller for the crystalline materials than glass materials. These trends are summarized in table 3. Since C 1 represents the number of micro cracks (origin of clacks) in the material, the above result implies that crystalline materials have more micro cracks than glass materials. Glass materials have amorphous structure, which involves a lot of disordered structures and atomic defects. On the other hands, a crystalline material has ordered atomic structure, and has few defects. The experimental results therefore indicate that micro cracks are originated from crystalline structure, like cleavage planes or dislocation works more effectively than defects in amorphous structure. Regarding C 2 (steepness of crack size distribution), result of fig. 9 indicates that micro crack size distribution is gentle in crystalline materials besides that in glass materials is steep. This is somewhat strange because the defect size in glass is random besides the size of cleavage plane or dislocations in a crystalline material are considered to be almost uniform. Two reasons can be considered; C 2 is not effective to the critical depth, or difference of C 2 in glass materials and in crystalline materials is small. C 3 represents the size of stressed volume in a material. It is known that a crystalline material has mechanical anisotropy due to its crystal structure, and that crystal orientation affects stress and strain distribution in the material under deformation. Thus, size of stressed volume and the critical depth depend on crystal orientation. It is known that critical depth depends on crystal orientation when a silicon wafer is machined by a single point tool. These experimental results indicate that C 3 depends on crystal structure and crystal orientation. Stressed region in silicon is guessed to be larger than that in glasses. Numerical simulation based on crystalline plasticity will be useful to study effects of crystal orientation (22) (27) .
C 4 represents ratio of σ max against σ 0 . σ max in glasses will correspond with the maximum principle stress, which is the maximum component of a stress tensor, because defects in a glass are considered to be almost spherical and its mechanical properties are isotropic. On the other hands, σ max in silicon depends on orientation of a cleavage plane, and stress component perpendicular to the cleavage plane determines σ max . Thus, C 4 depends on crystal orientation, and as a result, the critical depth depends on tool direction. Detail of stress distribution and C 4 in a crystalline material should be studied by numerical simulation in the future work.
Another possibility that affects the critical depth is phase transformation. Many researchers reported stress induces phase transformation of a single crystal silicon in machining and indentation processes (28) - (33) . Their results showed that crystal structure of silicon changes from diamond structure to amorphous structure by indentation. This phase transformation will change ductility of a material and affects the critical depth. 
Conclusion
1. Nano plastic forming tests were conducted on several kinds of hard brittle materials by using a wedge type tool. Grooves made by nano plastic forming were analyzed by SEM and FIB observation. Results showed apparent ductile formability of hard-brittle materials when indentation depth is smaller than the critical depth. 2. Results of load-depth analysis were explained by the plasticity theory of isotropic material. The load/depth ratio of glass materials agree with the theoretical equation. However crystalline materials showed different characteristics from glass materials. Effect of crystal direction was also found on the load/depth ratio of silicon.
